determined in the range 3 x 108-2 x lo9 bacteria -ml-' w i t h a 2 a precision of 16%. The use of phenazine ethosulphate as a mediator in the work reported here was probably the main cause of greater sensitivity (6 x 106-6 x lo8 bacteria -ml-I).
This work has demonstrated that bioelectrochemical detectors, working in either the poised-potential or fuel-cell mode, can rapidly and reproducibly determine bacterial concentrations in the range of 106-108 bacteria. ml-l.
Similar principles may be applied to the construction of broad-specificity whole-organism-based sensors, whereby the inhibition or stimulation of microbial activity is monitored electrochemically. Methylotrophic bacteria provide an ideal basis for such an instrument, being extremely stable and ca3able of oxidizing a wide range of organic substances (Higgins et al., 1980a) . Their stimulation or inhibition should provide a valuable pollution monitor.
Enzyme-based sensors
The most immediately commercially interesting application of electron transfer between proteins and electrodes is in the field of enzyme-based sensors. This area has attracted considerable interest and has been the subject of several recent reviews (Carr & Bowers, 1980; Suzuki et al., 1982; Turner et al., 1982a; Wingard et al., 1981) . Systems have been devised to monitor the inhibition or activation of enzyme activity using a variety of secondary detectors such as thermistors, photocells, field-effect transistors, ion-selective electrodes and polarographic techniques. Considerable effort has been devoted to immobilizing enzymes on suitable secondary detectors, which provide either an amperometric or potentiometric response. Although many of the proposed sensors incorporate oxidoreductases, the more direct approach to an amperometric sensor, i.e. exploiting direct electron transfer between the redox centre of the enzyme and a suitably modified electrode, has been neglected. One of the most commercially successful enzyme-based sensors operates by the amperometric detection of hydrogen peroxide produced by glucose oxidase; the reaction is dependent on the presence of oxygen and the sample must be diluted to bring the glucose concentration within the range of the electrode and to minimize chemical interference. A superior sensor may be constructed utilizing the same enzyme, but replacing the natural electron acceptor, oxygen, with a chemically modified electrode. Initial work utilizing chloranil in a carbon-paste electrode (Higgins et al., 1981) has been refined to produce a commercially competitive electrode. Mediators which are stable in the reduced form have been co-immobilized at a solid-carbon electrode with a monolayer of kinetically modified glucose oxidase; resulting electrodes have generally similar characteristics to their predecessors, but are oxygen-insensitive and respond over a much greater range (0.5-70m~-glucose in blood). It is clear that this technology may be applied generally to oxidase and dehydrogenase enzymes, furnishing a wide range of highly specific and sensitive sensors. The use of electrochemically coupled enzyme antibody complexes promises to extend further these possibilities and to rival the projected use of capacitance measurements in immunology.
We thank INCO p.l.c., BP p. (Campbell & Hornby, 1977) . Without exception, however, all of these 'first-generation' biochemical tests assay serum components present in relatively high concentrations, typically in the range puM-mM (mg-ghtre of serum). However, as a result of improved biochemical knowledge and consequent unprecedented growth in analytical laboratories over the last decade or so, there is now considerable demand for precise procedures for substances present in considerably lower concentrations. These 'second-generation' assays for metabolites in the concentration range pg-mg/litre of serum, such as steroids, the therapeutic drugs, thyroid-function constituents, drugs of abuse and proteins associated with pregnancy or cancer diagnosis, are currently assayed by immunological techniques. Such techniques exploit the unique molecular-recognition properties of antibodies to generate highly sensitive and specific immunoassay procedures (O'Sullivan et al., 1979) and utilize an antigen, hapten or antibody labelled with a radioisotope, bacteriophage, erythrocyte, metal, stable free radical, enzyme, fluorescent or chemiluminescent probe (Wisdom, 1976; Schuurs & Van Weeman, 1977) . Enzyme immunoassays ('EIA') now generally substitute for other immunological assays mainly because the reagents are stable, safe and require much simpler hardware, yet still retain the sensitivity of radioimmunoassay .
In almost all cases, however, enzyme-immunoassay procedures terminate with a spectrophotometric assessment of enzyme activity. The use of potentiometric electrodes as detectors for enzyme immunoassays has a number of advantages; they comprise cheap, robust electrodes requiring little auxiliary hardware and promise considerable sensitivity mediated through the amplifying effect of enzyme catalysis (Gebauer & Rechnitz, 1982) . Thus, the 'enzyme immunoelectrode' combines the principles of enzyme immunoassay with those of the enzyme electrode (Guilbault et al., 1969) to offer a simple and reproducible electrochemical procedure for the assay of hormones, trace metabolites and proteins in serum. Generally speaking, the enzyme label is one that generates or consumes inorganic molecules capable of being detected by ion-or gas-sensing electrodes. For example, horseradish peroxidase as enzyme label and an iodide electrode as detector have been used to assay hepatitis B surface antigen (Boitieux et al., 1978 (Boitieux et al., , 1979 and oestradiol (Boitieux et al., 1981) . The use of lysozyme (Gebauer & Rechnitz, 1980) , glucose oxidase (Mattiasson & Nilsson, 1977) , catalase (Aizawa ef al., 1979) and urease (Meyerhoff & Rechnitz, 1979; Gebauer & Rechnitz, 1982) have also been described. More recently, the fluoride electrode has been used to detect the immunoreaction between human immunoglobulin G and peroxidase-labelled anti-(immunoglobulin G) antibody (Alexander & Matra, 1982) . In the present work, Bacillus cereus penicillinase has been used as an enzyme label for the estimation of serum testosterone levels, with a conventional potentiometric glass pH electrode as detector. This system has two main advantages over previous proposals: the electrode is inexpensive and the enzyme-steroid conjugate, produced by a carbodi-imide-promoted or mixed-anhydride reaction between testosterone 3-(O-carboxymethyl)oxime (Erlanger et al., 1957) and surface lysine residues on the enzyme, is remarkably stable. The steroid-penicillinase immunoelectrode is capable of measuring testosterone levels in the range 1 nM-1 fhc ( 1 ng-1 pg/ml).
Enzyme immunoelectrodes and thermometric device5 comprising a thermistor as transducing element are secondary electrodes, since they detect a product of the enzyme-catalysed reaction. On the other hand, direct potentiometric immunosensors have yet to display sufficient sensitivity for most practical immunoassays (Janata, 1975; Aizawa et al., 1977a,b; Yamamoto et al., 1978a; Solsky & Rechnitz, 1979) . Nevertheless, a small electrical-potential changes have been noted on combination of antigen with immunologically sensitized metal electrodes (Yamamoto et al., 1978b) . Furthermore, a novel type of direct electrode, the 'afiinity electrode', comprising a biospecific ligand covalently attached to a metal electrode, has been reported (Lowe, 1979; Lowe et al., 1981~) . A potential was developed on combination with the complementary protein. The concept is exemplified by monitoring the binding of human serum albumin to the reactive triazine dye, Cibacron Blue F3G-A, immobilized directly to oxidized metal electrodes.
The metal electrodes (titanium; 0.500mm diameter; > 99.6% pure) were immersed in 1 M-HCI for 20h at 2OoC before heating electrically (5.6 A; 5 min; 5 cm) in air to produce the blueishwhite colour signifying oxide film formation and final coupling of Cibacron Blue F3G-A by conventional procedures (Lowe, 1979; Lowe et al., 1980 Lowe et al., , 1981b . The reference electrode was prepared as described for the Cibacron Blue F3G-A electrode, except that the reactive dye was omitted. The protein-dye interaction was monitored in 20 mrrr-potassium phosphate buffer, pH7.0, at 3OoC by the change in electrode potential between the Cibacron Blue and reference electrodes and recorded with a suitable high-input-impedance (approx. 1Tfl) digital multimeter, a voltage follower containing a MOSFET integrated circuit coupled to a chart recorder or a suitable oscilloscope. The Cibacron Blue F3G-A electrode is photosensitive and hence all experiments were performed under illumination to give an initial potential difference of -25 mV. The affinity electrode responds within 5-10 min when human serum albumin is added to the thermostatically controlled buffer solution. The potential difference between the working and reference electrodes changes from -25mV to -12mV on addition of albumin to give a final concentration of 6pg. mi-l. The electrode displays minimal response to other proteins, such as myoglobin, haemoglobin, lysozyme, ovalbumin and p globulin, and can be used continuously over a period of at least 1 year without apparent loss in response to albumin. The electrode is regenerated after use by immersion in 8~-u r e a / 20m~-potassium phosphate buffer, pH 7.0, followed by washing with phosphate buffer.
The electrode response to serum albumin parallels the binding of 12JI-albumin to the electrode and is sensitive to both ionic strength and temperature. The response to human serum albumin is progressively abolished as the ionic strength is raised and is effectively zero in 1.5 M-KCI. Furthermore, the potential change on binding human serum albumin to the Cibacron Blue F3G-A affinity electrode increases over the temperature range 440OC. These observations concur with the known effect of physical parameters on the interaction of Cibacron Blue F3G-A with albumin in free solution (Angal & Dean, 1978; Lowe et al., I98 lb) . Under the conditions specified, the affinity electrode exhibits a linear response to added human serum albumin over the range O-lOpg. ml-' but shows a progressive saturation effect at concentrations > 15pg eml-'.
Reactive dyes other than Cibacron Blue F3G-A, such as Procion Green HE4BD, Procion Red HE-3B and Procion Yellow H-A, have also been covalently attached to oxidized titanium electrodes (Lowe et al., 198 la) . These dye-affinity electrodes respond to serum albumin in a manner characteristic of the dye-protein interaction in free solution (Lowe et al., 1981b) . For example, the Procion Green H E 4 B D electrode gives a smaller response than the Cibacron Blue F3G-A electrode at any given albumin concentration, is less specific for albumin and responds to other proteins, notably haemoglobin, and is less sensitive to ionic strength, requiring at least 2.5 M-KCI to completely abolish the electrode response. The Cibacron Blue F3G-A electrode also responds to low concentrations of other proteins known to interact with the blue chromophore. For example, the electrode responds linearly to yeast alcohol dehydrogenase in the concentration range 0 . 6 p g . mi-'. The fact that the electrode response is progressively extinguished in the VOl. 11 presence of competing nucleotides such as NAD+, NADH and NAD+ hydroxylamine supports the view that a biospecific interaction between the electrode-immobilized dye and the coenzyme-binding site is responsible for the effect. This observation is supported by the fact that a titanium-immobilized Procion Green H-4G electrode responds to yeast hexokinase in a similar way. This copper phthalocyanine dye is known to selectively interact with yeast hexokinase (Clonis et al., 198 1) .
Unlike previously reported direct potentiometric sensors, which produce, at best, potential changes in the region of 5 mV over a 10-20min period (Yamamoto et al., 1978b) , the affinity electrode, under suitable conditions of illumination, can yield changes up to 10-fold greater. The dye electrodes described here and elsewhere (Lowe, 1979; Lowe et al., 1981a ) are believed to operate by a mechanism involving the spectral sensitization of n-type semiconductors. Thus, a noticeable anodic current can be detected in electrochemical cells containing n-type semiconductors such as TiO, or SnO, when chemically modified with monolayers of dyes such as erythrosin (2,4,5,7-tetraiodofluorescein) when illuminated with light in the spectral region where the dye absorbs, even though of less energy than the band gap of the semiconductor (Osa & Fujihira, 1976; Fujihira et al., 1977; Hawn & Armstrong, 1978) . Binding of proteins to Cibacron Blue F3G-A immobilized on TiO, on the metal electrode apparently prevents electron insertion into the conduction band of the semiconductor.
The binding of other dyes, such as Bromocresol Green to human serum albumin, is widely used in the estimation of albumin in clinical biochemistry (Doumas et al., 1971) . The colour of an aqueous solution of Bromocresol Green buffered to pH3.8 changes from yellow to green or blue in the presence of albumin. This principle has been exploited to construct a simple and inexpensive solid-phase optoelectronic sensor for serum albumin (Goldfinch & Lowe, 1980) . Bromocresol Green has been covalently attached to a cellophane membrane and sandwiched between a red-light-emitting diode and a silicon photodiode with integral amplifier. Adsorption of human serum albumin to the membrane at pH3.8 causes a characteristic yellow to blue-green colour change in the membrane that is monitored by the fall in output voltage of the detector system. The colour change observed on binding albumin to membrane-immobilized Bromocresol Green is maximal at 620 nm, whereas the red-light-emitting diode emits light of a,,,=.
630-633 nm and produces about 60% of the maximum response of the silicon photodiode amplifier at 900nm. This conjugate light-source-detector system is therefore custom made to monitor albumin binding to dyed membranes.
The colour of the Bromocresol Green-membrane changes from yellow to blue over the pH range 3.8-7.3 with a pK, of approx. 5.1 and produces a 3-4 V change in output voltage from the photodiode. The Bromocresol Green-membrane responds to human serum albumin in the concentration range 0-45 mg . ml-l, with the change in output voltage being linear with albumin concentration within the range 5-35 mg -ml-I and equivalent to a 13 mV . mg-'. ml-1 increment in albumin concentration. The effects of albumin and pH on the sensor were completely reversible, with the output voltage always returning to its initial value of 7.000V set with the light-emitting-diode voltage at about 1.885 V. In 10 separate determinations with a standardized albumin concentration of 10.8 mg . ml-l, the observed output voltage change was 164.20 2.35 mV (mean k s.D.), with each measurementhegeneration cycle taking approx. 8 min.
The two novel albumin sensors described in the present paper compare favourably with previously published devices. Table 1 compares the operational characteristics of the Cibacron Blue F3G-A a n i t y electrode (Lowe, 1979) , the enzyme immunoelectrode (Mattiasson & Nilsson, 1977) , the thermometric enzyme-linked iimunoadsorbent assay ('TELISA') and the optoelectronic sensor (Goldfinch & Lowe, 
1980
) for the assay of serum albumin. The Cibacron Blue F3G-A affinity electrode displays a similar detection limit of approx. l p g of albumin/ml as the two immunosensors (Mattiasson & Nilsson, 1977; , but, unlike the latter, the electrode response is linear and increasing up to lOpg ml-I. The two immunosensors display non-linear responses to albumin over the same concentration range, with the response decreasing with increasing albumin concentrations. Furthermore, the affinity electrode responds considerably faster than the immunologically sensitized metal electrodes (Yamamoto et al., 1978b) , the enzyme immunosensor (Aizawa et al., 1979) or the enzyme immunoelectrode (Mattiasson & Nilsson, 1977) . The optoelectronic albumin sensor compares favourably in terms of reproducibility and time per assay, but is approximately 5000 times less sensitive. Nevertheless, as a bedside monitor this device may offer some advantages since it is inexpensive and responds linearly to albumin in the concentration range 5-35mg of albumin/ml (Goldfinch & Lowe, 1980) .
